We report multicasting data from a single orbital angular momentum (OAM) spatial channel onto multiple OAM channels of equally spaced OAM charge numbers. The designed sliced phase patterns for multicasting are loaded on the spatial light modulator. By optimizing the design of the phase pattern, the power of multicasted OAM channels can be equalized. We experimentally demonstrate multicasting five and seven OAM channels from a single-input OAM channel carrying a 100 Gbit∕s quadrature phase-shift keying (QPSK) data stream.
Recently there has been interest in space division multiplexing (SDM) [1, 2] for capacity enhancement in optical communication systems in addition to wavelength, polarization, and time multiplexing techniques. One technique for SDM is to encode each data channel on a unique orbital angular momentum (OAM) state [2] [3] [4] [5] . Light beams carrying OAM have helical phase fronts in the form of e ilφ (l 0; 1; 2; …), where l is the topological charge and ϕ is the azimuthal angle. Importantly, OAM beams with different topological charges are inherently orthogonal to each other. This orthogonality enables the efficient multiplexing and demultiplexing of spatially overlapping beams with different OAM charge numbers. Each OAM beam with a specific charge number l can carry an independent data stream. Transmission of terabits data have been demonstrated in both a free-space and a fiber link by employing the OAM multiplexing technique [2, 5] .
It has long been a desire of the optical communications community to enable the efficient processing of an optical data signal while still in the optical domain [6] . One such processing function is multicasting, in which data on a single data channel can be duplicated onto multiple channels. These channels would be orthogonal, in the sense that each channel would represent, for example, a different user in a multiuser communication system [7, 8] . Previously, time slots and wavelength channels have been multicasted in order to replicate the data such that they co-propagate and can be subsequently split for different potential user destinations [6, 7, 9] .
Previously published results for SDM have shown data transmission in optical fibers [1, 5] and free space [2] . However, to our knowledge, there has been little reported on the network and signal-processing functions of an SDM system, such as the multicasting of data from one spatial mode onto multiple spatial modes. In this Letter, we demonstrate the spatial-mode multicasting of a 100 Gbit∕s [50-Gbaud quadrature phase-shift keying (QPSK)] data channel from one OAM channel onto multiple OAM channels [10] . The sliced phase patterns are used to distribute the energy from a single incoming OAM beam to multiple OAM beams of a constant OAM charge number interval. The sliced phase patterns can be optimized to equalize the power of multicasting OAM channels.
The concept and approach of OAM multicasting is shown in Fig. 1 . The charge number of the incoming OAM channel is l 2 , which carries signal Data. The multicasting function would distribute the power of the incoming OAM beam of charge l 2 to multiple OAM beams with different charge numbers, such as l 1 and l 3 , and therefore multicast Data from the input OAM channel onto multiple OAM channels. We designed sliced phase patterns to achieve the OAM multicasting function. The approach is shown in Fig. 2 . We assume that the incoming single OAM channel has charge number l. It has been shown that an angular amplitude aperture of central angle θ c with N-fold rotational symmetry can distribute energy from the input OAM beam of charge l to multiple OAM beams having equally spaced OAM charge number of..., −kN l; …; −N l; l; l N; …; l kN; … (k is an integer). The OAM state's power spectrum can be expressed as [11, 12] : shows an angular amplitude aperture with θ c 60°and three fold rotational symmetry. After passing through the aperture, the light beam's energy is distributed from the OAM channel of charge l to the three OAM channels of charges l − 3, l, and l 3. However, there are two drawbacks to simply use an amplitude aperture for multicasting. First, there is significant power loss because part of the beam's energy is blocked. Second, the power distribution of the resulting OAM spectrum is not equalized but has a sinc 2 -like profile. In order to obtain an OAM multicasting function with minimal power loss and equalized channel power, we designed a sliced phase pattern, which is shown in the third row of Fig Fig. 2(a) , the aperture's transmission part has a constant phase value φθ β 0 , which results in a sinc 2 -like OAM charge spectrum, centered at input OAM charge l. In the second row [ Fig. 2(b) ], the aperture's transmission part is complementary to that of the first aperture, and it has a spiral phase φθ −6θ, producing a sinc 2 -like OAM charge spectrum centered at l − 6. In Fig. 2(c) , the sliced phase pattern can be viewed as the superposition of the transmission parts of the above two amplitude-phase apertures. As a result, the output spectrum of the sliced phase pattern is a coherent addition of those two previous output spectra. The parameter β 0 is optimized such that most of the multicast OAM channels have equalized power except for the two channels at the wings of the spectrum. Figure 3 shows the experiment's setup of OAM multicasting. An optical 100 Gbit∕s QPSK signal at the wavelength of 1550 nm from a single-mode fiber is sent into a collimator and generates a Gaussian beam of beam width of 3 mm in free space. In the OAM mode multicasting block, the first spatial light modulator (SLM-1) loaded with a spiral phase pattern φθ 15θ (0 < θ < 2π) converts the input Gaussian beam into an OAM beam of l 15. A second SLM-2 loaded with a designed sliced phase pattern is used for OAM multicasting, i.e., to distribute the energy from the input OAM beam onto multiple OAM beams. The third SLM-3 is used to demultiplex one of the OAM beams. The spiral phase pattern loaded on the SLM-3 is φ −nθ, which converts the OAM beam of l n to the Gaussian beam of l 0. The converted Gaussian beam is then coupled into a single-mode fiber and sent to a coherent box for the coherent detection of the 100 Gbit∕s QPSK signal. Figure 4 shows the results of five-OAM channel multicasting. As shown in Fig. 4(a) , a sliced phase pattern with θ c 60°and β 0 70°, which consists of two three fold rotational symmetry patterns, is loaded on SLM-2. Fig. 2 . OAM multicasting approach using an all-phase pattern with a combination of two amplitudes and a sliced phase pattern. Left: input OAM state spectrum; middle: amplitude and phase patterns for multicasting; right: OAM spectrum after multicasting. The phase-only pattern for multicasting has the phase distribution as a function of angle θ:
The input OAM 15 beam carries a 100 Gbit∕s QPSK signal. The designed multicast channels charge numbers are l 6, 9, 12, 15, 18, in which the OAM 9 , OAM 12 , and OAM 15 beams have equalized power. Figure 4 (a) also shows the intensity of the input OAM 15 beam and the multicast OAM beams after reflecting from the sliced phase pattern. The intensity of the beam changes from a ring into a triangle, indicating that the reflected beam becomes a superposition of multiple OAM beams. Notice that β 0 is the parameter that needs to be optimized to obtain the equalized power of the multicasting channel. In order to evaluate the equalization of the channel's power, we define M as the ratio of standard deviation (σ) and the mean value (μ) of the power of the multicast channels p 1 ; p 2 ; …; p 5 : An optimized value of β 0 minimizes the value of M. Figure 4 (b) shows the value of M as a function of β 0 . By considering the power of multicast channels OAM 6 , OAM 9 , OAM 12 , OAM 15 , and OAM 18 , the two values of β 0 70°and β 0 290°give the minimum value of M 0.02 as the arrows pointing in Fig. 4(b) . We chose β 0 70°in the experiment. In order to characterize the multicasting function, we measured the OAM power spectrum before and after the OAM channel multicasting. We use the phase pattern of l −nθ on SLM 3 to convert the OAM beam of l n back to a Gaussian beam and then coupled it into a singlemode fiber and measured the received power using an optical power meter. Figure 4(c) shows the experimentally measured input OAM spectrum. The OAM channel l 15 has more than 20 dB higher power than the other OAM channels. After demultiplexing, we measured the OAM charge spectrum of the beam, which is shown in Fig. 4(d) , and compared it to the theoretical result. There is good agreement between the theoretical and experimental results in terms of the power of each OAM beam. The OAM 9 , OAM 12 , and OAM 15 beams have equalized power, and OAM 6 and OAM 18 have 6 dB lower power. The cross talk between the three equalized spatial channels OAM 9 ; OAM 12 ; OAM 15 and the other OAM channels are below −20 dB. The small side bands of the spectrum, which do not locate the desired multicasting, may either come from the impurity of input OAM beam [see a small amount of energy of l 14 in Fig. 4(c) ] or the limited resolution and imperfection of the SLM. The total power loss induced by the multicasting is estimated to be only 0.3 dB, which is caused by the SLM's nonperfect diffraction efficiency. Figure 4 (e) shows the measured bit error rate (BER) and optical signal-to-noise ratio (OSNR) curves of the data channels after five-OAM multicasting. The B2B BER curve is measured by connecting the transmitter and receiver directly using optical fiber. The input BER curve is measured when the input OAM charge number is l 15 without multicasting.
In Fig. 5 , we show the results of multicasting seven OAM channels (l 6, 9, 12, 15, 18, 21, 24) by using a pattern of more slices. The phase pattern consists of three sliced regions, where there are two parameters, β 1 and β 2 , to be optimized to equalize the power of the multicast channels: Similar to the previous result, after multicasting, the beam has a triangular shape, as shown in Fig. 5(a) . In Fig. 5(b) , we also show the beam's intensity after demultiplexing with SLM-3. For those multicasting channels like l 12, 15, and 18, a bright spot can be observed in the very center of the beam after demultiplexing. For those non-multicasting channels l 14, 16, and 20, no such bright spots in the center are observed, which indicates that there is almost no power in the nonmulticasting channels after multicasting. Again, we define M as the ratio of the standard deviation (σ) and the mean value (μ) of the power of the seven multicast channels (p 1 ; p 2 ; …; p 7 ). M is a function of parameters β 1 and β 2 :
σp1; p2; …p7 μp1; p2…p7 :
As shown in Fig. 5(c) , two sets of values β 1 322°; β 2 33° and β 1 33°; β 2 322° are found to obtain the minimum value as the two crosses marking in Fig. 5(b) . We chose β 1 322°; β 2 33° in the experiment. Figure 5(c) shows the theoretical and measured OAM power spectra after multicasting. In theory, the seven OAM channels should have a <1 dB power variation. In the experiment, the measured power near the spectrum wings was found to be smaller than the theoretical predictions, and the power variation among the seven OAM channels was approximately 3 dB. A decline in the measured power at the wings was also observed. We believe this is due mainly to the different free space to the fiber-coupling efficiency of the demultiplexed Gaussian beams converted from the OAM beams of different charges. Since the experiment's setup is calibrated for an OAM beam of charge number l 15, the coupling efficiency from free space to fiber is expected to vary for different OAM charge numbers. Efficiency becomes lower, especially as the OAM charge number gets further away from l 15, like l 0. The cross talk between the seven multicasting OAM channels and the other non-multicasting OAM channels is less than −20 dB. Figure 5 (e) shows the BER of the seven multicasting OAM channels.
In summary, we achieved a multicasting function in an OAM-based spatial multiplexing system by using designed sliced phase patterns. The pattern can be designed so that the multicasting channels have almost equalized power without power loss. By changing the rotational symmetry number N and the numbers of the sub-sliced patterns, this approach could be used to multicast more equally spaced OAM channels with a controllable OAM charge number spacing Δl.
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